Members of the highly diverse Miscellaneous Crenarchaeotal Group (MCG) are globally distributed in various marine and continental habitats. In this study, we applied a polyphasic approach (rRNA slot blot hybridization, quantitative PCR (qPCR) and catalyzed reporter deposition FISH) using newly developed probes and primers for the in situ detection and quantification of MCG crenarchaeota in diverse types of marine sediments and microbial mats. In general, abundance of MCG (cocci, 0.4 lm) relative to other archaea was highest (12-100%) in anoxic, low-energy environments characterized by deeper sulfate depletion and lower microbial respiration rates (P ¼ 0.06 for slot blot and P ¼ 0.05 for qPCR). When studied in high depth resolution in the White Oak River estuary and Hydrate Ridge methane seeps, changes in MCG abundance relative to total archaea and MCG phylogenetic composition did not correlate with changes in sulfate reduction or methane oxidation with depth. In addition, MCG abundance did not vary significantly (P40.1) between seep sites (with high rates of methanotrophy) and non-seep sites (with low rates of methanotrophy). This suggests that MCG are likely not methanotrophs. MCG crenarchaeota are highly diverse and contain 17 subgroups, with a range of intragroup similarity of 82 to 94%. This high diversity and widespread distribution in subsurface sediments indicates that this group is globally important in sedimentary processes.
Introduction
The archaeal phylum Crenarchaeota was originally considered to comprise extremophiles. Cultivated strains were thermophilic or hyperthermophilic organisms utilizing sulfur for energy metabolism (Burggraf et al., 1997) . Then high numbers of pelagic crenarchaeota were discovered in the marine water column, indicating the presence of mesophilic or psychrophilic species (DeLong, 1992; Fuhrman et al., 1992) . Current estimates of pelagic crenarchaeota suggest they are abundant with up to 1.3 Â 10 28 cells in the ocean (Karner et al., 2001) . Mesophilic pelagic crenarchaeota have been assigned to Marine Group I, a sister group of thermophilic crenarchaeota. Cultivated strains are autotrophic ammonium-oxidizing archaea (Könneke et al., 2005; Tourna et al., 2011) . A third archaeal phylum, the Thaumarchaeota, was proposed for these organisms because of their distinct phylogeny and physiology (Brochier-Armanet et al., 2008) .
The Miscellaneous Crenarchaeotal Group (MCG), has only been defined by 16S rRNA sequences and is distinct from the cultured crenarchaeota of the Thermoprotei and Thaumarchaeota (Inagaki et al., 2003) . The sequences delineating the MCG were described by Inagaki et al. (2003) , but the same clade had been observed before and either called the Terrestrial Miscellaneous Crenarchaeotic Group (Takai et al., 2001) or Group 1.3 (Jurgens et al., 2000) . Members of the MCG have been hypothesized to be numerically and ecologically important in oceanic deep subsurface sediments because they often dominate archaeal clone libraries using 16S rRNA genes (Parkes et al., 2005) as well as 16S rRNA (Biddle et al., 2006) , which is often rapidly degraded in inactive cells and may reflect the active population (Felske et al., 1996) .
Currently, the carbon and energy sources for the MCG are unknown. Biddle et al. (2006) showed that total archaea in MCG-rich sediments are heterotrophic, using organic carbon derived from degradation of fossil organic matter. To explain energetic and isotopic discrepancies, they hypothesized that MCG might perform 'dissimilatory' methane oxidation. However, so far the distribution of MCG crenarchaeota relative to methane and sulfate availability in the environment remains unknown. DNA fosmids containing 16S rRNA gene sequences for MCG and functional genes have been identified, but lack information about the carbon and energy sources for MCG (Meng et al., 2009; Li et al., 2012) .
In this study, we examined the total diversity of published MCG sequences to identify phylogenetic subgroups of this highly diverse group and identify potential biogeographical trends. We used this comprehensive MCG database to design primers and probes to be used in a polyphasic approach, including rRNA slot blot hybridization, DNA-based quantitative PCR, and CARD-FISH, to investigate the distribution of MCG in eleven different habitats. We provide a protocol optimized for in situ visualization and enumeration of MCG cells. As a specific case study, we compared MCG abundance and taxonomic composition with depth in the White Oak River estuary, North Carolina and Hydrate Ridge methane seeps.
Materials and methods

Sample descriptions
Eleven sites were chosen for quantification of MCG on the basis of available biogeochemical and microbial diversity data (Table 1) .
MCG phylogenetic analysis
The ARB/SILVA 106 non-redundant 16S rRNA database (Pruesse et al., 2007) was supplemented with sequences from the Parc database for a total of 4720 MCG sequences (for details see Supplementary Information). A 50% conserved filter considering 804 well-aligned columns between E. coli positions 86 and 935 was applied in a neighbor-joining, RAxML, and PHYML analyses for tree reconstruction using only sequences longer than 940 bp (1276 sequences). Partial sequences were added to the tree by parsimony criteria without allowing changes in the general tree topology. MCG subgroup designations were made when either previous publications had defined a subgroup, or subgroups with 450 sequences were monophyletic with both distance and maximum likelihood methods.
Probe/primer development An alignment of 615 MCG sequences from ARB/ SILVA release 92 (September 2007) was used to design primers specific for the marine-derived MCGs (235 sequences total) using ARB. Sequences, coverage and specificity of probes and primers are listed in Table 2 and Supplementary Table S1 .
Total nucleic acids DNA and RNA were extracted from 1-6 g of frozen sediments using pH8-buffered phenol and bead beating based on protocols described previously (Stahl et al., 1988; MacGregor et al., 1997) with slight modifications. Detailed protocols are provided in the Supplementary Information.
Quantitative PCR qPCR for 16S rRNA genes was performed as described previously (Lloyd et al., 2011) . Total archaeal 16S rRNA genes were quantified using primers ARCH915F and ARC1059R, or ARCH806F and ARCH915R; total bacterial using BAC340F and BAC515R; and total MCG using MCG528F and MCG732R or primers MCG410F and MCG528R (Supplementary Table S1 ). Standards were made from plasmids containing inserts of environmental 16S cDNA from White Oak River estuary sediments. 69Earc46 (accession no. JN605175) was used for archaea and MCG, and 70c2Aarc103 (accession no. JN616271) was used for bacteria. Plasmids containing non-target 16S rRNA sequences were used as negative controls. R-squared values for qPCR standard curves were between 0.993 and 0.999. No low melting point primer dimers were detected. For each core and extraction method, samples were diluted until the Cp decreased log-linearly with sample dilution, indicating the absence of inhibition effects at 10-fold dilution. Amplification efficiencies (listed in Supplementary Table S2) were determined for each individual environmental DNA sample. In addition, the qPCR products of three samples were cloned and sequenced to check for amplification of non-target DNAs (Supplementary Table S3 ).
Slot blot hybridization
Approximately 10-100 ng of RNA was blotted onto nylon membranes (MagnaCharge Membrane; GE Water & Process Tech., Trevose, PA, USA) in triplicate and hybridized with 33 P-labeled oligonucleotides as described previously (Stahl et al., 1988) . The probes and dissociation temperatures used in this study are given in Supplementary Table S1 ; reference rRNA are given in the Supplementary Methods. Hybridization intensity was measured with a blot imager Typhoon 9400 (GE Healthcare, Mü nchen, Germany) and analyzed with ImageQuant software (GE Healthcare).
Catalyzed reporter deposition fluorescence in situ hybridization (CARD-FISH) Sediment samples were fixed in paraformaldehyde, sonicated and filtered onto a polycarbonate filter as (2004) previously described . Cells were embedded in 0.1% low melting point agarose (NuSieve GTG Agarose, Cambrex Bio Science Rockland Inc., Rockland, ME, USA) and air-dried. Inactivation of endogenous peroxidases and permeabilization of cell walls were done by incubating the filters in 0.01 M HCl with 0.15% H 2 O 2 for 10 min at room temperature. CARD-FISH and subsequent staining with 4',6-diamidino-2-phenylindole (DAPI) followed a previous published protocol (Pernthaler et al., 2002) . For dual CARD-FISH, the protocol was repeated on the same filters using a second probe and other fluorescently labeled tyramides after inactivation of peroxidases of initial hybridization as described above. The given CARD-FISH counts are means calculated from 10 to 150 randomly chosen microscopic fields corresponding to 100-800 total DAPI-stained cells. Probe sequences and formamide concentrations required for specific hybridization are given in Supplementary Table S1 .
The specificity of new MCG probes was evaluated by Clone-FISH (Schramm et al., 2002) .
cDNA clone libraries Total RNA was reverse-transcribed and amplified with general 16S rRNA-targeted archaeal primers, checked for DNA co-extraction, and sequenced as described previously (Lloyd et al., 2011) . Pintail (Ashelford et al., 2006) and Chimera Slayer (Haas et al., 2011) were implemented in Mothur v.1.19.4 (Schloss et al., 2009 ) using the ARB/SILVA Ref106 database, to remove 16S rRNA sequences that were likely chimeric. Further chimeras were identified manually in Pintail. Chimeric sequences were 10% overall. Sequences were clustered into operational taxonomic units (OTUs) based on 97% similarity.
Amplicon sequencing DNA from 0.24-0.27 mbsf extracted from Core December 06, White Oak River estuary sediments, was amplified using tagged primers for pyrosequencing of the V6 region, ARCH958F and ARCH1048R. Primer details and amplification conditions (http://vamps.mbl.edu/resources/faq.php#tags) were according to those of the Josephine Bay Paul Center (Woods Hole, MA, USA) by the International Census of Marine Microbes project. The protocol to prepare PCR amplicons from archaea was followed as described in Huber et al. (2007) . Data processing was followed as described in Huse et al. (2007) . The VAMPS pipeline was used to designate MCG amplicons after manual curation of the archaeal reference database. Further analysis of MCG tags was performed using CLUSTAL alignments and OTU selection in Mothur.
Nucleotide sequence accession numbers
Representative MCG sequences obtained from qPCR products and sequences from cDNA libraries have 
Results
MCG phylogeny
MCG diversity in our 4720 sequence database was great, with some 16S rRNA similarity values as low as 76% between the most distant sequences. A total of 17 subgroups of MCGs (MCG-1-MCG-17) were supported in both distance and maximum likelihood inferences. These included the previously named MCG-1 through MCG-4 (Sørensen and Teske, 2006) , C3 (Inagaki et al., 2006 ) that we renamed MCG-15, and pMARA-4 (Nercessian et al., 2005) that we renamed MCG-16 for consistency ( Figure 1 ). However, these previously named subgroups covered only 21% of the MCG database. Our new subgroups increase the coverage to 91%. A few subgroups from the literature were not explicitly included in the 17 subgroup designations because they are subsets of some of the other MCG subgroups. Subgroup PM-1 fell within the MCG-2, PM-2 fell within the MCG-4, PM-3 through PM-5 fell within the MCG-1, PM-6 fell within the MCG-3, PM-7 fell within the MCG-8 in some treeing methods and PM-8 fell within the MCG-17 (Webster et al., 2006) . pMARA-5 (Nercessian et al., 2005) fell within MCG-17. MBGC (Vetriani et al., 1999) fell within the MCG-8. Group 1.3b (Ochsenreiter et al., 2003) fell within the MCG-6. Groups MCG-13 through MCG-17 were stable, but their branching order varied between treeing methods, so we presented them as a multifurcation. In general, there is high intra-subgroup diversity (Table 2) , with most subgroups containing p92% intragroup similarity. Similarities ranged from 82% for MCG-15 to 94% for MCG-5a and MCG-2. MCG-5 split into two adjacent groups each with 490% intragroup similarity in the maximum likelihood trees, so these were designated groups MCG-5a and MCG-5b. The smallest subcluster MCG-2 is restricted to sequences retrieved from marine habitats, whereas all others are mixed and contain sequences from marine, terrestrial and limnic habitats. For an overview of MCG habitats see Supplementary Table S4 .
Design and evaluation of MCG-specific oligonucleotide probes The design of new probes always aims at a compromise of good target group coverage and high specificity. Owing to the great MCG intragroup diversity it was impossible to target all members of MCG perfectly. The deeply branching subclusters MCG-13-MCG-17, in particular, are not well covered by the four newly developed probes and primers MCG410, MCG493, MCG528 and MCG732.
In silico tests revealed a MCG-1-MCG-12 group coverage of 87% for MCG528, 79% for MCG493, 44% for MCG410 and 27% for MCG732 (Table 2 ).
The two probes/primers with the highest group coverage, MCG493 and MCG528, are highly specific having only three and four outgroup hits within the Archaea and none within the Bacteria. Although both probes showed bright signals in Clone-FISH, we recommend the use of probe MCG493 for in situ detection because of a much brighter signal in environmental samples. In slot blots, use of probe . MCG-13 through MCG-17 multifurcate because branching order was inconsistent between tree models. Sequences with no color were not assigned to a subgroup. Black bars indicate the total number of sequences from our MCG database within that subgroup, with the highest value of 1160 for MCG-6 and lowest value of 51 for MCG-5a. White Oak River estuary cDNA sequences (97% OTUs) are labeled with red or blue bars for methane oxidation or methane production zones, respectively. The first two numbers in the clone names are the depth of that sequence, followed by A for core July 05-1, B for July 05-2, E for December 06 and G for July 08-2. Additional membership in each OTU is listed after the initial clone name. Terrestrial Hot Springs Crenarchaeotal Group was used as outgroup and individual clone names are listed in Supplementary Tables S4 and S5 . The webbased Interactive Tree of Life was used for tree and data set visualization (Letunic and Bork, 2011) . Figure S1) . In qPCR, all newly designed MCG-targeted primers amplified the 16S rRNA fragment from MCG, and showed no amplification after 40 cycles for another deeply branching crenarchaeotal group (MBGB), ANME-2a, ANME-2c, ANME-1b, Thermoplasmatales, Desulfobacteraceae, Gammaproteobacteria, Cytophagales or Alphaprotobacteria. Amplification resulted in a single, sharp peak, although a small shoulder indicates possible small contribution from non-target sequences. However, sequencing of qPCR products resulted only in MCG sequences, which were also quite diverse indicating that multiple MCG subgroups are indeed amplified by the primers (Supplementary Table S3 ).
MCG493 resulted in easily visualized slot blot signals (Supplementary
Quantification of MCG in several types of sediments
Members of the MCG were quantified by rRNA slot blot hybridization, qPCR and CARD-FISH in 11 different marine seep and non-seep sediments and microbial mats. Except for oxic surface sediments from Svalbard and most parts of anoxic methanotrophic microbial mats from the Black Sea, MCG rRNA could be detected in all types of habitats (Table 3) . Highest MCG rRNA amounts were found in seep sediments from station 19-2 at Hydrate Ridge with 178 ng g À 1 at a depth of 4-5 cm. This was accompanied by the highest total archaeal rRNA amount detected in the sediments investigated. Relative values of MCG calculated as a percentage of total archaeal rRNA varied greatly between sites (Figure 2 ), but was significantly higher in seep and non-seep sediments with sulfate penetration 40.15 mbsf (1.6%±1.2 vs 28.0%±27.1; P ¼ 0.06, 90% CI, based on a twotailed heteroscedastic t-test, where values for all depths in a core were averaged so that each core contributed one value, reducing skewed weighting towards cores with many measurements). Samples with higher potential for exposure to oxygen such as those from hypersaline microbial mats in the Arabian Gulf, and the surface of nonadvective sediments from Svalbard (o0.01 mbsf) had lower MCG/archaea ratios (3.9%±9.4) than the deep sulfate penetration sediments (P ¼ 0.08, 90% CI).
qPCR data conformed with slot blot hybridization (Table 3, Figure 2 ). As with total rRNA, the percentage of 16S rRNA gene copy numbers relative to that of all archaea was significantly higher in samples with sulfate penetration 40.15 mbsf (1.0% ± 0.8 vs 67.9% ± 54.7; P ¼ 0.05, 95% CI). Likewise, samples with likely oxygen exposure were also low (0.4%±0.3; P ¼ 0.05, 95% CI). In two nonseep habitats MCG were exceptionally abundant: at ODP site 1229 (99%, Peru Margin) and in the White Oak River estuary (98-121%). Values above 100% can be explained best by a reduced binding efficiency or insufficient coverage of used general archaeal primers. Absolute values of MCG abundance were not significantly different between seep vs non-seep sites (slot blot P ¼ 0.47, qPCR P ¼ 0.15, and CARDFISH P ¼ 0.16).
As a third method for MCG quantification we adapted the standard CARD-FISH protocol (Pernthaler et al., 2002) for in situ detection of MCG cells. The permeabilization of the cell walls turned out to be the most crucial for visualization of MCG. Archaeal cell walls are usually permeabilized either by a treatment with 10-15 mg ml À 1 proteinase K for 1-5 min, 0.5% SDS for 10 min at room temperature or with 60 U ml À 1 achromopeptidase at 37 1C (Teira et al., 2004; Knittel and Boetius, 2009; Labrenz et al., 2010) . However, none of these methods was successful for the visualization of MCG. Instead, we used 0.01 M HCl for 10 min that resulted in bright signals. Higher HCl concentrations (4 0.1 M) did not increase the fraction of hybridized cells, but rather caused a visible disintegration of cells.
Hot spots of MCG as identified by slot blots, qPCR or 16S rRNA gene libraries were selected for CARD-FISH. About 90% of the MCG cells were small and coccoid ( Figure 3 ) with a cell size of 0.4-0.5 mm. This is a comparable size to that reported for their sister group Marine Benthic Group B (MBGB) crenarchaeota (0.2-0.4 mm) (Knittel et al., 2005) . A minor part of the MCG community had a much larger cell size with up to 1 mm in diameter and might reflect the observed large MCG intragroup 16S rRNA sequence diversity. In most cases MCG were detected as single cells but they were also found in aggregates of 2-5 cells. DAPI signal of MCG was clearly visible in most habitats except for all ODP sites investigated where DAPI staining did not work at all. To corroborate the identification of detected MCG cells, dual hybridizations were performed with probe MCG493 and the general archaeal probe ARCH915. MCG493 signals were always co-localized with ARCH915 signals ( Figure 3I ).
In White Oak River sediments 1.2 Â 10 8 cells cm
were detected at shallow depth of 0.075 mbsf (12% of total cell counts, 22% of total Archaea).
In the subsurface at 0.405 mbsf, the absolute MCG abundance was comparably high but the relative fraction of MCG increased to 30% and 60% of total archaea. Figure 2 Relative abundance of MCG crenarchaeota compared with total archaea as determined for different marine habitats by rRNA slot blot hybridization (black bars), qPCR (white bars), and CARD-FISH (gray bars). Colors indicate samples from anoxic methanotrophic microbial mats (peach) or oxic surface sediments (pink) or sediments with sulfate depletion depths of o0.15 mbsf (yellow) or 40.15 mbsf (blue). Dots indicate samples with no MCG detected with slot blot (black) or qPCR (white); other samples with no visible data were not analyzed with that method. When a depth range is listed, values were averaged over adjacent depths. All individual measurements listed in Table 3 . 
MCG depth distribution
In order to explore changes in MCG abundance over depth, we examined the White Oak River estuary cores (sulfate depleted at 0.40 mbsf) and site 19-2 from Hydrate Ridge (sulfate depleted at 0.07 mbsf, Figure 4 ). In White Oak River core Jul 08-1 qPCRs using duplicate primer sets gave roughly equal 16S rRNA gene copies (Figures 4a and b) , suggesting low or equal primer bias. At the division between the horizon dominated by sulfate reduction and methane oxidation and that dominated by methanogenesis DNA concentrations for archaea, bacteria or MCG did not change perceptibly. At and below 0.045 mbsf, total archaeal DNA copies matched MCG DNA copies for all four primer sets. Above, at 0.015 mbsf, however, MCG 16S rRNA gene copy numbers were much lower than those of archaea. Bacterial DNA copies were consistently higher than archaeal and MCG DNA copies with the gap narrowing gradually with depth. Large differences in absolute values between July 08-1 and July 08-2 correspond to differences in C p values, whereas C p values for standards were nearly identical, suggesting much lower DNA yields during extraction of July 08-2. An interesting contrast to the lack of vertical zonation of MCG in White Oak River estuarine sediments was Hydrate Ridge, where quantities and activities of MCG and total archaea peaked around 0.05 mbsf near the base of the sulfate reduction zone, as shown in both qPCR and RNA slot blot data ( Figure 4c ). As MCG do not increase relative to archaea, and the archaeal peak is far too large to be caused by the MCG increase alone, this peak is most likely due to an increase in total ANME biomass supported either directly or indirectly by very high rates of anaerobic methane oxidation at this site (Treude et al., 2003) . Given a lack of vertical zonation in total MCG abundance in the White Oak River estuary, we investigated possible changes in MCG phylogenetic composition with depth. MCG comprised the majority (44-86%) of 16S rRNA cDNA sequences from White Oak River estuary sediments ( Figure 5 ). Other archaeal sequences included the uncultured groups ANME-1 (Hinrichs et al., 1999) , Marine Benthic Groups (MBGA, B and D Vetriani et al., 1999) , Deep Sea Euryarchaeotal Group (DSEG; Takai et al., 2001), or Terrestrial Hot Springs Crenarchaeotic Group (THSCG Takai and Horikoshi, 1999) Figure S2) . MCG had more OTUs than all other archaea in the sediments combined (92 OTUs vs 79 OTUs, respectively, at 97% similarity) and covered 13 out of the 17 subgroups (Figure 1, Supplementary  Figure S1 ). The general composition and sequence abundance did not change much with depth or season (Supplementary Table S5 ). No clear phylogenetic separation was observed for sequences from the methane oxidation and production zones (Figure 1 , red and blue dots, respectively). No seasonality was observed with MCG types, as sequences from the winter core (December 06) were distributed concentrations for White Oak River estuary cores July 08-1 (d) and July 08-2 (e) and for Hydrate Ridge (f); (originally published in Lloyd et al. (2011) , and in Treude et al., 2003) . Dashed horizontal lines are the depth above which there is net anaerobic oxidation of methane (AOM) and below which there is net methane production (MP; Lloyd et al., 2011). throughout the MCG tree along with those from summer cores (July 05-2, July 08-1 and July 08-2).
(Supplementary
Amplicon pyrosequencing supported the dominance of MCG within the archaea with 86% of 13 250 sequences ( Figure 5 ). It is surprising that the cDNA clone libraries agreed so well with the amplicon pyrosequencing, as one targets RNA and the other targets DNA, different primers were used, and the V6 amplicon library was 150 times greater than the biggest cDNA clone library. The only difference was that the amplicon data contained sequences for MBGA and the Methanobacteriales, which were presumably in lower numbers in the sediments and therefore missed in the clone libraries. After error processing, which includes clustering that may hide some alpha diversity, 1192 unique MCG sequences were detected. Of these, 790 were singletons and only 19 were seen 100 or more times. These 19 sequences made up 57% of all tags seen within the archaeal White Oak River data set, truly a significant portion of the archaea in this sediment. The diversity seen within these tags was also high. Tags represented over 10 times were aligned and OTUs were calculated. Within these 99 tags, there were 99 OTUs calculated at 99% similarity, 73 OTUs at 98% similarity and 51 OTUs still remained at 97% similarity.
Quantification of total bacterial rRNA On the basis of the size of MCG rRNA fraction, two seep habitats (Gulf of Mexico site 87, Hydrate Ridge ODP site 1245D) and three non-seep habitats (Janssand, White Oak River, Peru ODP sites 1227A and 1229D) were selected for quantification of total bacterial 16S rRNA. All habitats were characterized by deep sulfate penetration. Surface sediment from Janssand sand flat was strongly dominated by bacterial rRNA (97-98% bacterial rRNA: 2-3% archaeal rRNA) at a depth of 0-0.4 mbsf, but by archaeal rRNA in a deeper sediment horizon at 4.9 mbsf (19% bacterial rRNA: 81% archaeal rRNA). The ratio of bacterial to archaeal rRNA percentages was comparably low for the other subsurface sediments investigated, that is, 14%:86% at ODP site 1245 at Hydrate Ridge, 24%:76% at ODP site 1227, 45%:55% at ODP site 1229 and 34%:66% at White Oak River (Table 3, Figure 6 ).
Discussion
When looking at all MCG sequences available in public databases, MCG crenarchaeota appear very diverse and widespread. MCG are present in terrestrial hot springs , deep oceanic subsurface sediments (Parkes et al., 2005) , deep terrestrial subsurface (Inagaki et al., 2003) , continental shelf sediments (Vetriani et al., 1998) , ancient marine sapropels (Coolen et al., 2002) , petroleum-contaminated soil (Kasai et al., 2005) , termite guts (Friedrich et al., 2001) , mud volcanoes (Heijs et al., 2007) , methane hydrate-containing marine sediments (Inagaki et al., 2006) , landfill leachate (Huang et al., 2003) , anaerobic wastewater reactors (Collins et al., 2005) , sulfidic springs (Elshahed et al., 2003) , brackish lakes (Hershberger et al., 1996) and coastal salt marshes (Castro et al., 2004). Only 28 out of 4720 MCG sequences were retrieved from potentially oxic habitats (for example, database releases EU370096 and FJ560325). This broad distribution is reflected in a large MCG intragroup diversity with 16S rRNA gene similarity values as low as 76%, which is within the range proposed to define prokaryotic phyla (Yarza et al., 2010) . The diversity within most of our subgroups is in the proposed cutoff of 87.7% minimum level for family boundaries (Yarza et al., 2010) . It is possible that this evolutionary diversity is also reflected in a high degree of metabolic diversity.
MCG crenarchaeota constituted a major part of archaea in sediments with low respiration rates and deep sulfate penetration Thaumarchaeota account for up to 40% of total microbes in meso-and bathypelagic deep ocean waters (Karner et al., 2001) . In analogy, we present the first quantitative data for the dominance of MCG crenarchaeota in anoxic marine sediments. We used a combination of three methods that are based on different target molecules, that is, DNA and RNA, to provide robust environmental data for MCG independent of their individual methodological constrains. All methods pointed to a higher relative abundance of MCG to total microbes in sediments at sites where sulfate penetrates at least 10 cm.
Cold seeps with high methane fluxes and high microbial respiration rates are characterized by low sulfate penetration depths. Among the cold seep sites with shallow sulfate depletion investigated here, the four sites from Hydrate Ridge and site 156 from the Gulf of Mexico showed the lowest MCG abundance concurrent with extremely high rates of AOM and sulfate reduction (Boetius et al., 2000; Treude et al., 2003; Orcutt et al., 2010 ). An exception were 4.6 m-deep sediments from sites 371 and 372 at HMMV which showed a high MCG abundance together with the lowest microbial activity due to high fluid flow rates repressing sulfate penetration Niemann et al., 2006) .
Sediments from 'low-energy' environments or from cold seeps with low methane fluxes and low microbial respiration rates are characterized by deep sulfate penetration. In all non-seep, low-energy habitats, MCG made up a high proportion of MCG relative to total prokaryotes, ranging from 12% at Figure 6 Slot blot-based determination of the ratio archaea:bacteria 16S rRNA in selected surface and subsurface sediments. The sum of detected archaeal and bacterial 16S rRNA was set as 100% of prokaryotic rRNA. The archaeal fraction is further resolved in the column that shows the proportion of MCG and other, yet unidentified archaea.
Janssand to 45% at Peru Margin ODP 1229D or even up to 100% at White Oak River. This finding was independent of water depths, temperature or total carbon contents (organic-poor ODP sites 1225 and 1231 vs organic-rich ODP sites 1227 and 1229). Therefore, it appears that MCG dominate the archaeal population in low activity subsurface sediments. At cold seeps with deep sulfate penetration such as Hydrate Ridge site ODP1245 and ODP1250 as well as Gulf of Mexico site 87, relative abundance of MCG was comparably high (15-74% of archaea) as for non-seep sediments with deep sulfate penetration. An exception was HMMV seep site 336 that showed the lowest relative percentages of MCG of all CARD-FISH counts (3% of archaea). However, the deep sulfate penetration depth at this special site is not the result of low microbial respiration rates, but instead is driven by active pumping of sulfate into the core by Siboglinidae tubeworms .
No support for an association of MCG with the methane cycle Data obtained in this study do not support the hypothesis that MCG could be anaerobic methanotrophs (Biddle et al., 2006) . MCG distribution is not proportional to any geochemical gradients, and specifically, does not co-vary with energy availability from methane and sulfate. We did not find evidence for changes of MCG activity with depth based on rRNA content per MCG cell (range 1-117 fg per cell, calculated based on rRNA slot blot and CARD-FISH). When the White Oak River was studied with a finer depth resolution, this trend was upheld. Similar to many diffusion-driven marine sediments, those of the White Oak River estuary are stratified with respect to dominant microbial electron acceptor. Thus, if MCG crenarchaeota depend on a known terminal electron acceptor either directly or indirectly through microbial syntrophy, MCG presence, abundance or activity would be expected to change downcore. However, we found no evidence for such a coupling with depth. In contrast, sediments from Hydrate Ridge site 19-2 had a peak in MCG abundance (qPCR) and activity (slot blot) coinciding with the bottom of the sulfate reduction zone where highest methane oxidizing activity is presumed to occur . Nevertheless, in agreement with White Oak River sediments, the percent MCG of total archaea had no depth trend. Further support for a lack of vertical zonation of MCG came from the lack of MCG phylogenetic composition changes with depth in White Oak River sediments. Secondly, a comparison of MCG cell numbers in seep (for example, Hydrate Ridge, Gulf of Mexico) vs nonseep (for example, North Sea, Peru, White Oak River estuary) sediments did not show remarkable differences, whereas numbers of methanotrophs change dramatically across all the sites investigated (see Knittel and Boetius, 2009 ). The lack of vertical zonation together with similar cell numbers of MCG at seeps and non-seep sediments suggest that MCG are anaerobes, as they maintain a high abundance well-below oxygen penetration, but do not gain energy from AOM and sulfate is likely not an electron acceptor. This, together with a widespread distribution of MCG, could indicate that they obtain carbon and energy from substrate pools and energy sources that vary little with sediment depth and between habitats. Options for such metabolisms include the slow fermentative degradation of different types of organic matter. MCG are likely to access substrates that are physically or chemically recalcitrant. This conclusion is in agreement with findings from previous literature (Biddle et al., 2006; Lipp et al., 2008; Takano et al., 2010; Webster et al., 2010; Lliró s et al., 2011) .
Conclusions
The high diversity and high abundance of MCG crenarchaeota in seep and non-seep sediments suggest that they are globally important components of the anaerobic sedimentary microbial community. However, the question of what carbon and energy sources sustain MCG is still open. The lack of abrupt changes in MCG abundance or phylogenetic composition at the downcore transition from zones with sulfate reduction/methane oxidation to those with methane production as well as the lack of difference in MCG cell numbers at seeps vs non-seeps suggests that the MCG community is not active in methane or sulfur cycling. This is supported by a much higher relative abundance of MCG compared with other prokaryotes in low-energy environments. It is, therefore, likely that MCG are anaerobic heterotrophs and either access a wide variety of fermentative substrates or are linked to degradation of refractory organic matter, potentially using other electron acceptors than sulfate. This possible contribution to post-depositional carbon remineralization makes MCG a promising target for future culturing and ecophysiological research.
